Nomenclature
The aim of this study is to measure plasma properties by laser Thomson scattering (LTS) in order to understand the physics inside this engine. LTS is nonintrusive in that no physical object need be placed in the plasma. [10] [11] [12] Application of this method to the plasma produced in the miniature microwave ion engine faces the following difficulties. First, the n e is estimated to be less than 10 18 m -3 . This results in a weak Thomson scattering signal.
Second, the effect of stray laser light becomes very strong. In order to overcome these difficulties, we used the photon counting method with a double monochromator. These efforts made it possible to detect LTS signals. Figure 1 shows a cross section of the miniature microwave discharge ion engine. The inner diameter is 18 mm.
Experiment
The ion source includes a magnetic circuit, which has four Samarium Cobalt (Sm-Co) permanent magnets and iron yokes. Microwave power at 2.45 GHz was fed through a coaxial line and into an antenna in the engine. The screen grid and the ion source body were biased at +1,500 V relative to ground and the acceleration grid was biased at -300 V. The primary electrons are confined in the mirror-like magnetic field formed between the central and front yokes, gaining energy from microwave emission by electron cyclotron resonance (ECR) heating. Energetic electrons then collide with and ionize neutral atoms. Detailed explanations about the ion engine and the electric circuit are described in refs. 13 and 14. Since the probing laser was focused to 2 mm above the tip of the antenna and the discharge chamber was small, strong surface reflected light (stray light) rose on the components in the chamber, initially overwhelming the LTS signals. In order to reduce reflections, a double monochromator (f=575 mm) was added. The double-monochromator used in this experiment could reduce stray light by a factor of 10 -7 at a wavelength of 2 nm from the laser wavelength. With this addition, we eliminated the majority of the strong stray light enabling us to successfully detect LTS signals.
Results and Discussion
In Fig.4 , Thomson scattering intensities are plotted in a logarithmic scale in the ordinate against () 2 , where () 2 is proportional to the electron energy. The parameter was controlled by scanning the double monochromator passband center relative to the laser wavelength. From the linearity of the Thomson spectrum, we conclude that the electron energy distribution function was Maxwellian. From this spectrum and the Rayleigh scattering calibration using nitrogen gas, n e and T e were calculated to be (1.1±0.2)×10 18 m -3 and 2.9±0.5 eV, respectively. The experimental uncertainty for each point was determined primarily by the statistical fluctuation in the number of detected photons. 12 Next, we discuss the results of our measurements. According to the Bohm sheath criterion, the velocity of an ion from the plasma into the ion sheath on a grid is assumed to be V B expressed as follows.
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Given that n e in the bulk plasma decreases by a factor of exp (-1/2) at the point where the ion velocity reaches V B , the ion beam current is evaluated as below.
Under the conditions in the LTS measurement, m i = 1.4×10 -25 kg, T e =2.9 eV, n e =1. Substituting these values into Eq. (2), we obtain I b = 20 mA. From Fig. 2 , the ion beam current measurement taken under the same conditions as the LTS measurement was found to be 25 mA when P i = 8 W, which is within the 16 This high n e leads to the high ion beam current density of this engine.
Conclusions
The plasma parameters in the miniature microwave discharge ion thruster were successfully measured without perturbation by nonintrusive optical methods of LTS for the first time. At an incident microwave power of 8 W, and a krypton mass flow rate of 0.16 mg/s, n e and T e were calculated to be (1.1±0.2)×10 18 m -3 and 2.9±0.5 eV, respectively. We confirmed that the measured n e and T e were consistent with the high ion current achieved by this thruster.
The adoption of these methods could reveal the plasma production-loss mechanism in the microwave discharge ion thruster as well as physical mechanisms inside other electric propulsion devices.
